Solar radiation is the main cause of skin cancers. However, it also is a main source of vitamin D for humans. Because the optimal status of vitamin D protects against internal cancers and a number of other diseases, a controversy exists: Will increased sun exposure lead to net health benefits or risks? We calculated the relative yield of vitamin D photosynthesis as a function of latitude with a radiative transfer model and cylinder geometry for the human skin surface. The annual yield of vitamin D is 3.4 and 4.8 times larger below the equator than in the U.K. and Scandinavia, respectively. In populations with similar skin types, there are clear latitude gradients of all major forms of skin cancer, indicating a northsouth gradient in real sun exposure. Surprisingly, the incidence rates of major internal cancers also increase from north to south. However, the survival prognosis also improves significantly from north to south. Reasons for these findings are discussed in view of the role of vitamin D. In Norway, melanoma rates increased by a factor of 6 from 1960 to 1990, while the prognosis improved in the same period. After 1990, melanoma rates have remained constant or even decreased in age groups <50 years, whereas the prognosis has not improved further. These data, together with those for internal cancers and the beneficial effects of an optimal vitamin D status, indicate that increased sun exposure may lead to improved cancer prognosis and, possibly, give more positive than adverse health effects.
T
here is a controversy as to whether increased sun exposure to Western populations would prolong or shorten lifetime expectancy, result in fewer or more cancer deaths, and, in general, lead to health benefits or risks (1, 2) . For years, emphasis has been placed on the increasing time trends of incidence and mortality rates of cutaneous malignant melanoma (CMM) (3, 4) and, in contrast, on the protective role of vitamin D regarding many types of internal cancer and other diseases (5) (6) (7) . Too much sun exposure has been blamed for the high and increasing incidence rates of CMM. However, solar radiation is a major, if not the main, source of vitamin D in humans. Therefore, a population's increased sun exposure leads to improved vitamin D status. The observation that the incidence and mortality of several types of internal cancers decreases with decreasing latitude in the United States and other countries initiated the research on vitamin D-cancer relationships in the 1980s and 1990s. However, in some cases, there is an inverse gradient of the rates of internal cancer with latitude (1), with the rates being higher in regions with high annual UV fluences (New Zealand and Australia) than in countries with low annual UV fluences (Northern Europe, Scandinavia, and the U.K.), despite the fact that the populations of these regions are closely related genetically or, at least, have similar skin types, which is important for the photosynthesis of vitamin D.
These issues have health consequences far beyond those of cancer because a number of diseases are associated with inadequate vitamin D levels or low sun exposure: neurological, cardiovascular, metabolic, immune, and bone diseases (2, 7).
Evolutionary arguments involving skin color also should be taken into account. A dark skin color is found among Africans and, possibly, early hominids who lived close to the equator (8) . This pigment may protect against skin cancer and folate photodegradation (8, 9) . A white skin color developed later in our history, as humans left Africa and went north. Because dark skin needs about 6 times higher solar exposure for vitamin D photosynthesis than white skin (10, 11) and because the fluence rate of vitamin D-generating solar radiation decreases with increasing latitude (Fig. 1A) , one can argue that skin whitening may be related to the need for vitamin D and the lack of sunshine at high latitudes.
Results and Discussion
Is CMM Caused by Solar Radiation? Because the mortality rates of CMM are much higher than those of nonmelanoma skin cancer (in some populations, more than a factor of 10 higher), this problem is the most important one to solve regarding the negative consequences of sun exposure. The solution is by no means certain yet. A number of investigators disagree, as we reviewed earlier (12, 13) . The main arguments against the concept that sun exposure causes CMM are that: (i) CMM is more common among persons with indoor work than among those people with outdoor work (14, 15) ; (ii) in younger generations, more CMMs arise per unit skin area on partly shielded areas (trunk and legs) than on face and neck (16) ; and (iii) CMMs sometimes arise on totally shielded areas (acral CMM and uveal melanomas). Although the connection between these melanoma types and sun exposure is controversial (17) (18) (19) , their inclusion in the present discussion is justified because of the possible involvement of vitamin D.
However, in our opinion, a significant fraction of CMMs is related to sun exposure (16, 20) . The main arguments for this relationship are: (i) the north-south gradients in CMM incidence between Scandinavia and Australia (16), (ii) before the advent of the ''top-less'' fashion, few women developed CMM on the breast area (13, 16) , and (iii) in some animals (Sinclair swine, Monodelphis domestica, the fish Xiphophorus, white horses, angora goats, transgenic mice, etc.) UV exposure leads to CMM (16) . The reason that CMM incidence rates decrease with decreasing latitude in Europe is likely because of differences in skin color from region to region. (Fig. 1 A) . In Bergen, Norway (61°N), there is no vitamin D photosynthesis from October to March (7) . Despite this fact, the serum level of 25(OH)D in a population living in Tromsø is 30% higher in late summer than in late winter (30) . Thus, we can conclude that, even at such high latitudes, the sun is an important source of vitamin D. This finding is supported by controlled sun bed experiments, which show that exposure to suberythemal doses gives 25 Seasonal Variations of Cancer Prognosis. Because our demonstration of the prognostic advantage of diagnosis in late summer and autumn [Ϸ20% difference in relative risk of death in these seasons when the 25(OH)D status is optimal] (35), we conducted several more detailed studies showing similar trends. Many cancer forms are now on our list: prostate, breast, colon, and lung cancers, as well as lymphomas and even melanomas (36) (37) (38) (39) (40) . Other investigators have found comparable results (41, 42) . These data argue for a positive role of sun induced-vitamin D in cancer prognosis or that a good vitamin D status is advantageous when in combination with standard cancer therapies.
North-South Gradients of Vitamin D. Our calculations, which are based on known ozone levels, cloud covers, and the in vivo action spectrum for photosynthesis of pre-vitamin D from 7-dehydrocholesterol (43) , show that there is a pronounced north-south gradient in vitamin D-generating solar radiation ( Fig. 1 A) . It should be emphasized that, in contrast to earlier investigations (16), we calculated the doses for a vertical cylinder, expecting such a geometry to represent the human body better than a horizontal, f lat surface. With our approach, the annual, equatorial f luence of vitamin D-inducing radiation is Ϸ3.4 times larger than that in the U.K. and Ϸ4.8 times larger than that in Scandinavia (Fig. 1 A) . A crucial and as-yetunanswered question is: Are there north-south gradients in sun exposure habits and in vitamin D intake? In Norway, we know that the vitamin D intake is 10 -20% larger in the north than in the south. This finding is mainly related to the consumption of cod liver (32) . However, the population's sun exposure is definitely larger in the south than in the north, as shown by calculations as well as skin cancer epidemiological investigations (see Fig. 1 , ref. 13, and www.kreftregisteret.no). Overall, therefore, there is probably no north-south gradient in vitamin D status in Norway. This finding seems consistent with the lack of north-south gradient in both cancer incidence and prognosis, which is discussed later (36, 39, 40) .
Different clinical searches for a latitudinal gradient in vitamin D status do not agree. Zittermann et al. (44) found a negative 25(OH)D gradient with increasing latitude, as expected, whereas others found the opposite (45) . Our review of international data (Fig. 1B) shows no significant gradient. It is surprising that mean population levels of vitamin D are similar in sunny regions like Florida (46), Australia (47) , and Northern Europe (48) . We found earlier that the incidence rates of the three major forms of skin cancer increase from Norway to Australia, which is in agreement with a large increase in annual UV fluence (16) . Thus, because the action spectrum of pre-vitamin D photosynthesis and that of squamous cell carcinoma are similar (43, 49) , one should expect to find a vitamin D gradient. The answer to this puzzle may be found either in the pattern of sun exposure or in differences in vitamin D intake. The most likely explanation of the discrepancy, however, is probably that 25(OH)D determinations are not standardized well enough for international or interlaboratorial comparisons (50, 51) .
Pre-vitamin D and vitamin D are photolabile (52) . These compounds and some of their metabolites can be photodegraded or photochemically changed while they are in the skin, where solar radiation can reach them. Photolability may be the reason that sun-induced vitamin D intoxication has rarely or never been reported. Such intoxication was wrongly proposed to be the evolutionary reason for dark skin colors of humans living close to the equator (53) . However, the photolability of pre-vitamin D and vitamin D is not likely to explain the lack of latitude gradients in 25(OH)D levels because the vitamin D generation is almost linear up to UV exposures as high as three or four minimum erythema doses (54) . However, it should be noted that this reference concerns a narrow wavelength band of around 295 nm. In human skin radiation, around 295 nm can convert Ϸ65% of the 7-dehydrocholestrol to pre-vitamin D, whereas solar radiation can convert only Ϸ20% (43). In future investigations, one should take into account the increase in skin darkness of populations from north to south. Moreover, in assessing latitude variations of vitamin D levels, one should focus mainly on summer values or winter-summer differences. Doing so would minimize the role of different vitamin D intakes.
North-South Gradients of Cancer Incidence, Mortality, and Prognosis.
A number of investigations (6, 55, 56) indicate that, in some populations, the incidence and/or mortality of a number of cancers (prostate, breast, colon, etc.) increase with increasing latitude. However, in contrast to this theory, the similarity of cancer incidence and mortality rates in Australia/New Zealand and U.K./Scandinavia should be noticed (Fig. 2) . For some cancers, there may even be a significant inverse latitude gradient (Fig. 2) . Differences in sun exposure habits and skin types can probably not explain this observation because the inverse relationship remains when we use CMM incidence rates as a crude measure for real UV exposures (Fig. 3) . However, taking more countries into consideration, we see that no reliable north-south gradient can be extracted (Fig. 4 ).
There is a large variation of the incidence rates by factors of Ϸ50 and 5 for prostate cancer and breast cancer, respectively. Even for countries at the same latitude, large differences are found. From this epidemiological variation, we can conclude that genetical, dietary, and environmental factors, other than sun exposure, play major roles and may completely mask the effects of vitamin D. There might be a method to approach the problem from a different point of view, namely by looking at prognosis. According to our experience with the Norwegian epidemiological data, this method may be sensitive enough to study the connection between vitamin D and cancer. The ratio of death rate to incidence rate is a crude estimate of prognosis. In populations with white skin tone included in Fig. 2B , there is an increasing ratio of death rates to incidence rates with increasing latitude. This finding indicates improved prognosis with decreasing latitude (i.e., with increasing UV exposure). We find it unlikely that cancer treatment is better in Australia than in the U.K. Further, we conclude that the observations in Fig. 2B indicate, although weakly, the beneficial role of sun-induced vitamin D for cancer prognosis, in agreement with epidemiological findings (35) (36) (37) (38) (39) (40) .
The Rise of Incidence Rates of Skin Cancer and Internal Cancers. It is well known that the incidence rates of most cancers have been increasing with time over many decades. Until 1990, this fact also was universally true for all three major forms of skin cancer (see ref. 16 
fr). (B)
The ratios of death rates to incidence rates for the same countries as considered in A. Death rates are collected 2 years after incidence rates and represent averages for the period 1989 -1999. Cancer mortality data are obtained from a WHO database (see www-dep.iarc.fr). consume more and more fat and sugar (the vitamin D status worsens with increasing BMI) (57, 58), exercise less, and also may be more exposed to environmental carcinogens. It should be noted that, in the mentioned time period, melanoma rates increased much faster than those of internal cancers (16) . However, changing diagnostic criteria and increased detection pressure may play roles. From 1990 -2004, the increase in melanoma incidence stopped in several countries, notably in the young population (Australia, New Zealand, Canada, United States, and Norway) (59 -62) . In Norway, there is even a decreasing trend (Fig. 5) . Also, the incidence rates of nonmelanoma skin cancer do not increase any longer in Australia, although this finding is less certain because of the lack of collection of these types of data (63) . Hence, the ''be aware of skin cancer'' campaigns have had an impact. The improvement of the prognosis of melanoma that was evident over several decades (possibly because of earlier diagnosis) seemed to stop in 1990 in Norway (Fig. 6) , while the incidence rates of melanoma f lattened out (Fig. 5) . Thus, improved melanoma prognosis may be related not only to earlier diagnosis, but also to increased sun exposure, which is in agreement with the findings of Berwick et al. (64) . Whether the seeming lack of improvement of prognosis after 1990 (Fig. 5) is because of decreasing sun exposure remains to be evaluated in the future.
Conclusions
So far, epidemiological data for cancer argue for an overall positive role of sun-induced vitamin D. There may be more beneficial than adverse effects of moderately increased sun exposure, even for total cancer mortality (65) . This message should be addressed to populations at risk for vitamin D deficiency. Trends need to be closely followed in the future. In view of the supposedly long latency times for cancer manifestation, decades are needed for final evaluation of the impacts of the antisun campaigns with respect to melanoma incidence, cancer prognosis, and other possible positive or adverse health effects. Authorities should pay attention not only to skin cancer research, but also to research on vitamin D-sun-health relationships occurring worldwide.
Materials and Methods
Data Sources. Age-adjusted incidence and death rates from six countries populated by whites were obtained from the International Association for Cancer data were plotted against latitude or the age-adjusted incidence rates of CMM as a measure of the UV exposure achieved. Simple linear regression Sigma Plot 10 (Systat) was used to investigate the relationship.
Vitamin D Photosynthesis. We calculated the annual fluence of vitamin Dgenerating solar radiation as a function of latitude by using the action spectrum for generation of pre-vitamin D in human skin (43) by applying a radiation transfer model (66, 67) . Global solar exposure (direct plus diffuse exposure) was determined, approximating the human body by a horizontal cylinder, excluding top and bottom. Total ozone columns measured by the TOMS satellite instruments were used in the calculations. The daily average cloud cover for each site was derived from measured reflectivities at an ozone-insensitive channel of the same instrument. Further details of the calculations can be found elsewhere (68, 69) . 
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